Blood specimens are frequently delivered to the clinical laboratory after a significant postcollection interval. On weekends, this interval may exceed 72 hours. When such a specimen arrives, the laboratory must decide whether to accept or reject the specimen. If accepted, the laboratory must then decide whether to
Clinical laboratories equipped with modern automated analyzers are capable of processing large volumes of hematologic tests in an efficient and timely manner. These tests include complete blood count (CBC), differential leukocyte count (diff), reticulocyte count (retic), and more recently, the nucleated red blood cell count (NRBC). To ensure reliability of the results generated by the instrument, it is imperative that the specimens are collected appropriately in a suitable anticoagulant and analyzed on a properly calibrated instrument within the time frame considered appropriate or recommended by the manufacturer. Dipotassium ethylenediamine-tetraacetate (K 2 -EDTA)-anticoagulated blood is the specimen of choice for all of these tests. Generally, specimens arrive in the laboratory and are analyzed within hours of collection from patients. However, it is not uncommon for laboratories to receive specimens that are 1 to 3 days old. Furthermore, it is a common practice to keep these specimens at room temperature until delivery to the laboratory and processing. Will these older specimens generate clinically reliable results when processed through the automated analyzer for any or all of the hematologic tests cited above? Manufacturers of automated analyzers and published literature usually cite that blood specimens kept at room temperature for 24 hours to 48 hours generally yield reliable results. [1] [2] [3] [4] [5] However, specific information concerning the suitability or unsuitability of specimens older than 1 or 2 days for various automated hematologic tests is limited, particularly in the recent literature. The only recent publication, from our own group 3 years ago, reported on changes in automated CBC and diff induced by storage of blood at room temperature. 6 In that study, the Beckman Coulter GenS was used to perform the CBC and diff. The retic count was not included in the study and the automated NRBC count was not available on that analyzer. For the past 2 years, our laboratory has been using XE-2100, an automated analyzer from Sysmex America, Mundelein, IL, for performing automated CBC, diff, retic and NRBC. The purpose of the present study was to delineate changes that occur in various parameters of all tests, including retic and NRBC, performed on Sysmex XE-2100, during storage of blood at room temperature.
Material and Methods
A total of 40 K 2 -EDTA-anticoagulated blood specimens were selected from the routine laboratory workload over several days to represent a range of normal and abnormal values ( Table 1) . Among the 40 specimens, 12 were leukopenic (white cell count <4.0 x 10 3 /µL), 10 had leukocytosis (white cell count >11.0 x 10 3 /µL), 13 were thrombocytopenic (platelet count <140 x 10 3 /µL), and 6 had thrombocytosis (platelet count >400 x 10 3 /µL). All but 9 were anemic, with hemoglobin values less than 12.5 g/dL. Specimens were kept at room temperature throughout the study. Each specimen was run on 1 of the 2 Sysmex XE-2100 analyzers in our laboratory for CBC, diff, retic, and NRBC once daily for 5 days. To determine within-day precision, 25 of the 40 specimens, representing a range of normal and abnormal values ( Table 2) , were analyzed a second time, within 8 hours of the initial run, on either the same or a different XE-2100 analyzer. The XE-2100 utilizes impedance technology for red cell count and platelet count, light scattering technology for the white cell count, and a photocolorimetric Effects of Storage of Blood at Room Temperature on Hematologic Parameters Measured on Sysmex XE-2100 perform all of the tests ordered or only those deemed appropriate given the age of the specimen, and what comments should be appended to the reported results regarding the reliability or limitations of the analysis. Storage of K2-EDTA-anticogulated blood at room temperature for up to 4 days caused changes in some but not all hematologic parameters measured on Sysmex XE-2100 analyzer. Specifically, the WBC, RBC, HGB, and PLT were found to be stable for up to 3 days. Retic % and #, but not the IRF, were stable for the duration of the study. Diff results may be unreliable or voted out by the analyzer on specimens that are 2 day old or older. The NRBC counts changed little on the average but revealed consistently wide 95% confidence intervals throughout.
method using a cyanide-free reagent (sodium lauryl sulphate) for hemoglobin measurement. For the diff, the XE-2100 utilizes data from light scattering, fluorescence, impedence, and conductivity measurements. Reticulocyte enumeration is based on light scatter and fluorescence measurements. The NRBC enumeration takes place in a separate channel and is also based on light scatter and fluorescence measurements. Software version XE-PRO was utilized during the study period. Both XE-2100 analyzers were calibrated by the manufacturer using E-cal and daily quality control was performed by the laboratory staff using 3 levels of assayed control (from Sysmex America), according to the manufacturer's instructions. The CBC consisted of 10 parameters: white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin (HGB), hematocrit (HCT), mean cell volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW), platelet (PLT) count, and mean platelet volume (MPV). The diff consisted of relative percentages (%) and absolute numbers (#) of neutrophils, lymphocytes, monocytes, eosinophils, and basophils. The reticulocyte enumeration consisted of relative percentage (retic %) and absolute number of reticulocytes (retic #), and immature reticulocyte fraction (IRF). The NRBC enumeration consisted of NRBC per 100 WBC (NRBC %) and absolute number of NRBC (NRBC #). The results generated by the analyzer were tabulated using a personal computer with Excel software. Percent change from the value on day 0 was calculated for each parameter on each subsequent day of the study period. For eosinophils and basophils, absolute difference rather than percent change from the value on day 0 was determined because some of the values obtained initially and/or on subsequent days were 0. Mean percent change or difference and 95% confidence interval ( CI) were also determined using Excel software. Adobe illustrator, version CS, was used to prepare figures.
Results
Within-day precision data for each parameter, obtained by calculating the percent change (mean ± 2SD) between the 2 runs on day 0, is presented in Table 2 . For all 10 parameters of CBC, the mean percent change was ± 2.0 or less and the 95% CI ranged from -4.5% to + 4.0% for all parameters except WBC, PLT, and MPV. The respective 95% CIs for the WBC, PLT, and MPV were -4.6% to +8.2%, -10.0% to +14.0%, and -8.2% to +12.2%. For the diff parameters, the mean percent changes for neutrophil % and #, lymphocyte % and #, and monocyte % and # were ± 5.1 or less and the mean differences for eosinophil % and # and basophil % and # were ± 0.1 or less. Among neutrophils, lymphocytes and monocytes, the 95% CIs were smallest for neutrophil % (+1.7% to +4.2%) and # (-3.9% to +8.9%) and largest for monocyte % (-30.2% to +37.0%) and # (-28.5% to +38.7%). Among eosinophil and basophil, the -95% CIs were found to be similar with 0.9 to +0.7 for eosinophil %, -0.06 to +0.06 for eosinophil #, -0.3 to +0.5 for basophil %, and -0.03 to +0.05 for basophil #. The mean percent changes for retic %, retic #, and IRF were -4.3, +5.7, and +4.8 respectively. The corresponding 95% CIs were, however, relatively wide for each. Similarly, the respective mean percent changes for the NRBC % and # were -1.5 and +0.4 with relatively wide 95% CIs, -25.9% to +22.9% for the former and -21.8% to +22.6% for the latter.
Changes observed in the CBC results of blood specimens stored at room temperature are illustrated in Figure 1 . For each CBC parameter, mean percent change from the value on day 0 is plotted along with its 95% confidence interval (CI) against time in days after collection of blood.
The mean percent change in the WBC count fluctuated between +1.3 and -2.6 for the duration of the study, with the 95% CI ranging between -8.9% and +9.1% for first 3 days and between -24.4% and +19.2% on day 4.
The RBC, HGB, and MCH were relatively stable throughout the study period, each with a mean percent change of equal to or less than 0.63 and a combined 95% CI in the range of -5.0% to 6.2%.
The MCV, hematocrit, and RDW, each increased over time, beginning on day 1 after blood collection. The maximum mean percent changes for MCV, HCT, and RDW, seen on day 4, were 17.9, 18.9, and 12.5, respectively. The respective 95% CIs for MCV, HCT, and RDW ranged from 2.0% to 25.7%, 1.5% to 28.1%, and -8.7% to +33.7% through the study period.
The MCHC decreased over time, beginning on day 1 after blood collection. The maximum mean percent change, seen on day 4, was -15.5. The 95% CI ranged from -2.0% to -20.5% through the study period.
The mean percent change in the PLT count was equal to or less than 3 for the duration of the study with the 95% CI ranging from -39% to +33% for day 1 through day 3 and from -57% to +59% on day 4.
The MPV increased over time, beginning on day 1. The maximum mean percent change, seen on day 4 was 11.9. The 95% CI ranged from -5.9% to 26.7% through the study period.
Changes observed in the automated diff results of blood specimens stored at room temperature are illustrated in Figure 2 . For relative percentages (%) and absolute numbers (#) of neutrophils, lymphocytes, and monocytes, the mean percent change from value on day 0 is plotted along with the 95% CI against time in days after collection of blood. For eosinophils and basophils, absolute difference from value on day 0 is plotted along with the 95% CI against time in days after collection of blood. It should be noted that the study began with a total of 40 blood specimens on day 0 but, as is indicated in Figure 2 , by day 4, results of all 5 diff parameters (ie, neutrophils, lymphocytes, monocytes, eosinophils, and basophils) were available for evaluation only on 21 specimens. One of the 40 specimens, with a WBC count of 1.0 x 10 3 /µL and respective neutrophil % and # of 9.9 and 0.1, yielded an unusually high degree of changes in neutrophil % (+127.1% to +384.7%) and # (+122.2% to +322.2%), and was therefore considered an outlier and excluded from diff part of the study. The progressive decrease in the number of specimens with evaluable results from day 1 to day 4 was due to the fact that the analyzer did not generate results for some diff parameters, neutrophils and lymphocytes in particular, on an increasing number of specimens over time. The reasons for the analyzer generating results of some but not all diff parameters (ie, generate partial diff results) include the presence of either abnormal cells or abnormally appearing cells or both. Such cells create an abnormal white cell scattergram and make the distinction between individual cell populations difficult.
The percentage and number of neutrophils increased progressively over time, beginning on day 1. For neutrophil %, the mean percent change increased from +2.6 on day 1 to +7.6 on day 4, and the 95% CI increased from -5.4% to +12.0% on day 1 to -3.6% to +18.8% on day 4. Similarly, for neutrophil #, the mean percent change increased from +2.6 on day 1 to +6.5 on day 4 and the 95% CI increased from -6.4% to +11.6% on day 1 to -5.7% to +18.7% on day 4.
A mild decrease in both the lymphocyte % and # was noted from day 1, but the mean percent change for both, fluctuated between -5.2 and -1.0 through the study period. The 95% CIs for both, the lymphocyte % and #, increased over time, from -34.8% to +25.2% on day 1 to -48.0% to +46.0% on day 4 for the former and from -36.3% to +27.7% on day 1 to -46.6% to +42.2% on day 4 for the latter.
The percentage and number of monocytes decreased progressively over time, beginning on day 1. The mean percent change declined from -11.4 on day 1 to -48.2 on day 4 for the former and from -11.3 on day 1 to -49.5 on day 4 for the latter. The 95% CI for both the monocyte % and # ranged from -111.3% to +35.9% through the study period.
The mean absolute difference from day 0 values for eosinophil % and # ranged from 0.0 to -0.3 and 0.0 to -0.01 respectively, indicating relative stability. The 95% CIs for the eosinophil % and # ranged from -2.1 to +1.8 and -0.21 to +0.23 respectively, through the study period.
Basophils, representing the smallest fraction of all the white cells, revealed minimal or no change over time in both the percentage and number. The mean absolute difference for both, the basophil % and #, remained at 0.0 through the study period. For basophil %, the 95% CI ranged from -0.8 to +0.8 for the duration of the study. For basophil #, the 95% CI ranged from -0.02 to +0.02 on days 1 to 3 and from -0.06 to +0.06 on day 4.
A minimal decrease in the percentage and number of reticulocytes on days 1 and 2 was followed by a slight increase in both on days 3 and 4 (Figure 3) . For the retic %, the mean percent change ranged from -4.2 to +2.1 and the 95% CI ranged from -44.1% to +48.3%, for the duration of the study, with the widest CI being on day 4. Similarly, for retic #, the mean percent change fluctuated between -3.6 and +1.7 and the 95% CI ranged from -42.9% to +46.3% for the duration of the study, with the widest CI being on day 4. An increase in IRF was noted after each time interval, with the maximum mean percent change of 25.9 on day 2. The respective mean percent changes on days 1, 3, and 4 were 12.0, 17.5, and 13.2. The 95% CI for IRF was very wide on each time interval studied. It fluctuated between -128.8% and +179.1%.
The mean percent change for the NRBC % initially decreased to -4.4 on day 1 and then gradually increased to +7.4 on day 4 (Figure 3) . The 95% CIs were relatively wide, ranging from -102.0% to +116.8% through the study period. Similarly, the mean percent change for the NRBC # also decreased initially to -4.8 on day 1 and then gradually increased to +2.5 on day 4.
The 95% CIs were also relatively wide, ranging from -95.4% to +99.9% through the study period.
Discussion
Storage of blood specimens at room temperature for up to 4 days caused changes in CBC, diff, retic, and NRBC results generated by Sysmex XE-2100. However, some changes, specifically those with values equal to or less than the corresponding within-day precision data presented in Table 2 , may be considered insignificant.
Among the CBC parameters, HGB, RBC, and MCH were found to be stable for the duration of the study (ie, up to 4 days after collection of blood). The WBC and PLT were stable for up to 3 days after collection of blood. Clinically significant changes were observed in the MCV and its related parameters, HCT, MCHC, and RDW, beginning on day 1 after blood collection. The MCV, HCT, and RDW, increased while the MCHC decreased over time. The increase in MCV is known to reflect red cell swelling at room temperature. 10 The changes in HCT, RDW, and MCHC are understandably the consequence of the change in MCV because each of these 3 parameters are derived from MCV and other red cell parameters Figure 3_Mean (±2 SD) changes observed in automated reticulocyte parameters and NRBC counts, on storage of blood at room temperature. Each data point represents the mean percent change and each bar represents the 95% confidence interval; total number of specimens for retic parameters = 40 and for NRBC = 35 (5 specimens, each with a NRBC value of 0.0, were excluded).
labmedicine.com by the standard formulas given below. The MPV, like the MCV, also increased over time, beginning on day 1 after blood collection. When compared to within-day precision data, the degree of increase in MPV seen on day 1 appears insignificant. These observations are in consonance with earlier reports published by our group and others utilizing impedance technology to obtain CBC results. 6 Among the diff parameters, results of monoyte % and # were found to be least stable, showing a significant decline, beginning on day 1 after blood collection. The results of eosinophil and basophil counts revealed the least degree of change for the duration of the study. Neutrophil % and # increased over time whereas lymphocyte % and # gradually decreased slightly over time. Although the degree of change seen in neutrophils and lymphocytes was minimal and probably clinically insignificant, no results were generated by the analyzer for both parameters for 22% of specimens by day 2, 35% of specimens by day 3, and 46% of specimens by day 4. All of the observed changes in the diff parameters most likely reflect the combined effects of cellular degeneration that is known to occur with cell aging and the loss of individual cell characteristics specifically measured by the analyzer. Both or either of these features may lead to misidentification of one cell type for another by the analyzer. Degeneration of monocytes and misidentification of degenerated monocytes as neutrophils by the analyzer may account for the observed decrease in monocyte % and # with a concomitant increase in neutrophil % and #. Our observations indicate that at times even a day-old specimen may not yield reliable diff results and that specimens that are 2 day old or older may, at times, not even yield complete diff results. The changes observed in neutrophils and monocytes are in agreement with those reported earlier by our group using Beckman Coulter GenS. 6 A decline in monocytes over time has also been observed by Warner and Reardon using Beckman Coulter STKS to perform the diff. 7 In contrast to our observation of an increase in neutrophils, however, Warner and Reardon 7 using Beckman Coulter STKs and Wood et al 9 using Abbott's Cell-Dyn 3500 (Abbott), noted a decrease in neutrophils. Both analyzers from Beckman Coulter, STKS and GenS, utilize a combination of impedance/volume, conductivity, and light scatter measurements (so called vcs technology) whereas the Abbott's Cell-Dyn-3500 utilizes light scatter technology to generate diff results. The changes observed in lymphocytes, eosinophils, and basophils, though minimal, are in variance from those reported earlier by Warner and Reardon 7 using Beckmn Coulter STKS, our group 6 using Beckman Coulter GenS, and Wood 9 using Cell-Dyn 3500. Unlike the current observation of a minimal decrease in lymphocytes, Warner and Reardon, 7 Wood, 9 and our group 6 previously recorded an increase in lymphocytes over time. Similarly, in contrast to the current observation of minimal or negligible changes in eosinophils and basophils, Warner and Reardon 7 noted a decrease in eosinophils and an increase in basophils over time. Differences in (a) technologies utilized, (b) sample size, and/or (c) sample type (normal and/or abnormal), among the cited published reports, may account for the noted variation in results of diff parameters.
Among the retic parameters, the retic % and # revealed only minor changes through the course of the study. When compared to within-day precision data presented in Table 2 , the changes observed in retic % and # may be considered insignificant. On the other hand, large fluctuations in the mean percent change in the IRF over the course of the study, along with wide 95% CI at each time interval, make this parameter the least stable, beginning on day 1 after blood collection. The observed increase in IRF over time is counterintutitive considering the common knowledge that reticulocytes lose RNA over time as they mature. Possible reasons for this unexpected finding include, (a) difference in the rate of maturation between younger retics to older retics and older retics to mature red cells, and/or (b) greater imprecision of IRF measurement on specimens that are a day old or older. Our observation of an insignificant change in retics % and # over 4 days time differs from the findings of Davies and associates, 5 who described a progressive decline in retic % over a period of 3 days when measured by Beckman Coulter STKS with an optional retic upgrade. Possible reasons for variation in the findings of the 2 studies include the difference in technologies utilized to perform retic count (Fluorescence/light scattering versus vcs technology with a non-fluorescent RNA dye) and the sample size (40 versus 5).
Both, the NRBC % and # remained relatively stable over time as indicated by the mean percent change in the range of -4.4 to -2.8 for the NRBC % and -4.8 to +0.2 for the NRBC # on days 1 through 3. On day 4, the mean percent change was relatively larger, being +7.4 for the NRBC % and +2.5 for the NRBC #. When compared to within-day precision data, the 95% CIs for both were wide on each time interval studied.
To our knowledge, there is no comparative data in the literature with which we can compare these findings. Storage of blood at 4°C has been shown to prolong the specimen stability by several days for many CBC parameters 3, 4, 9, 10 and by a couple of days for some diff parameters. 7, 9 Refrigeration is not a solution, however, for specimens that are delivered to the laboratory after being stored at room temperature for a few days.
Conclusion
It is understandably preferable to perform CBC, diff, retic, and NRBC counts on blood specimens as soon as possible after collection, certainly within a day. However, the data presented here suggest that clinically reliable results may be obtained for some CBC and retic parameters from specimens that are up to 3 or 4 days old. Specifically, reliable results can be obtained for WBC, RBC, HGB, and PLT from specimens up to 3 days old and for retic % and # from specimens up to 4 days old. In contrast, specimens that are a day old or older, may, at times, generate either unreliable or no diff results for at least some of the diff parameters (neutrophils and lymphocytes). Similarly, the NRBC results obtained from specimens that are a day old or older may not be reliable. Based on these findings, laboratories using the Sysmex XE-2100 analyzer for CBC, diff, retic, and NRBC enumeration, may choose to accept specimens older than 1 day but report only the results of stable CBC and retic parameters. Under these circumstances, a comment, such as, "unable to obtain reliable results for remaining parameters/tests due to the age of the specimen" could be appended to the final hematology laboratory report. An alternative and less desirable approach would be to perform and report the results of all tests with a comment such as, " specimen __ day(s) old, results may be affected" appended to the final report. LM
